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smoBsis 


Pre-^preoipitation and precipitation in alloys 

vy^lThe binding energy of the !33an^nese-vacanQy complex 

in an manganese alloy is determined by carrying 

out electrical resistivity measurements on the quenched allqy^ Two 

different techniques are used for the evaluation of 

based on the temperature dependence of the as-quenched resistivity 

(thermodynamic method) and the other on the rate of decay of quenched- 

in vacancies (Kinetic methcKi)rfs/1^e thermodynamic method yields a 

value for ^ ^ 0*21 eY. The Kinetics of annealing of vacancies 

in pure A1 in the tonperature range 0 — 30^0 follow the first order 

Kinetics giving a value of 0*65 aV for the migration of single 

vacancy in pure aluminium* 3!he rate of decay of excess vacancies 

in the aluminium — manganese alloy does not obey the first 03?der 

kinetics. On the basis of a model involving simuntaneous annealing 

of single— and di— vacancies B,, is estimated to be 0*1 eV* in 
° v-im 

analysis of the errors involved in the two techniques indicates that 
the value of 0*1 eV is more reliable* Preliminary work on the 
isothermal annealing of qu cached 11— 1*0 wt ^ Mr alley shows that the 

N 

precipitation is sluggish even at temperatures of the order of 500^0*/^ 
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INIBPnJCTIQT 

"Vacant: sites and interstitial atoms are generated in 
sigjaiCicant ntttabers by thermal fluctuation and possess an equi- 
librium density dependent on temperature - 

J. Erenkel," 

All real crystals contain a variety of imperfections* ffliese 
imperfections can be, broadly, divided into two classes - point 
defects and expended defects. Is the name implies, point defects 
are highly localised and are characterized by disturbance around ,a 
single atomic site. As is well knowi, a perfect crystal is themo- 
dynamically stable only at absolute zero, and at any hi^er temperature, 
the crystal must contain a certain number of point defects, Ihe 
elementary point defects in a pure metal are vacancies and interstitials. 
Vacancy is a missing atom in the periodic array of atoms, while 
interstitial is an atom located in a non-lattice position in the 
array. Joint defects are the only lype of defects which can exist 
in thermal equilibrium in the materials. Joint defects can interact 
with each other* Ihe interacticn of a vacancy and an interstitial 
leads to the interstitial occupying a normal lattice site with the 
annihilation of both the defects. Vacancies rvm cluster to form 
a divacancy, a trivacancy etc., leading even to the formation of 
a void or a dislocation loop, under certain conditions. 
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The extended defects are disturbances in the regular array 
of atoms which extend over many lattice distances. Such defects 
are accidents of growth and are not in thermodynamic equilibilw. 

The extended defects include the dislocations, surfaces, grain 
boundaries, stacking faults, etc. Point defects can also interact 
with extended defects. It is well known that extaaded defect act as 
sources and sinks for vacancies. 

Bie high aaergy requiremaits for the formation of an inter- 

( 1 ) 

stitial atom as illustrated by the theoretical calculations resulted 
in the conclusion that in PiC. C. metals, interstitial atoms constitute 
a negligible fraction of the equilibrium vacancy concentraticaa at 
any given temperature. 

(2) 

Johnson predicted the interaetim of vacancies with solute 
atoms forming solute-vacancy complexes. The ccncentration of the 
latter depends on the magaitude of the solute-vacancy binding energy, 
which is defined as the differaice between the oiergies required 
for a vstcancsy to form in the solute-free lattice, and in a site adjacent 
to a solute atom. When is positive, the equilibrium concaitratiaa 
of vacancies in a pure solvent is less than that in its alloy at a 

(3 ) 

constant teii5)erature , This difference is a functicn of 
concaatration of solute and temperature. 

Experimental studies on the formaticn and migration mergLee 
of vacancies in metals and alloys have assumed considerable inportance 
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in the recent years. A study of the teD5)erature dependence of the 
concentration of vacancies in metals and alleys ( Eaemodynamios method) 
enables the estimation of the formation aiergy of a vacancy in a 
pure metal and the solute-^vaeancy binding energy in the alloy, Ihe 
migration energ?’ of the vacancy can be determined by studying the 
rate of decay of an excess concen taxation of vacancies (Kinetic method) 
in a metal or alloy, lEhe sum of the formation and migration energies 
must be equal to the activation energy for diffusion if vacancy 

mechanism is operative in the diffusion process. 

The process of solute clustering in many alloys, when they 
are quenched from hi^ temperature and subsequently aged, is associated 
with the presence of vacancies in supersaturated condition in the 
quenched alloys^^*^^. As the clustering process is related to the 
age— hard^ing phenomenon in alloys, the presence of excess vacancies 
will have a profound effect on the age-hardening process. For 
exa25)le, age hardening is reported to be retarded by the presence of In, 
Ca, and Sn as impurities in Al-eu alley as these elements, having 
high solute-vacancy binding ener^ compared to Cu allow only a s32b.11 
niimber vacancies for the solute transport operation necessary for 
the clustering p 3 ?ocess^^\ Quenched in vacancies also affect the 
process of precipitatimi from supersaturated solid solution for 
example, the precipitation of silicon from supersaturated solid 

fn q\ 

solution'^’ ^ is accelerated by excess vacancies. 
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ODransition metals are coimonly used as addition elements to 
aluminium alloys. Although thqy do not produce age hardening or 
large solution hardening pa^perties they are useful in inhibiting 
reciystallisation, preventing stress coraXJSicn and improving 
weldabilily. Ihe commercial aluioinium alloy, AA 3003, contains about 
1.0 to 1.5 wt, % Ml and is normally employed in the woik hardened 
condition, Ihe formation of a number of metastable phases in the 

(s) 

aging of supersaturated Al-Mn alloys is well documented^ , However 
there is hardly any work reported oi the kinetics of precipitation 
in the aluminium - manganese alloys. 

Ibe binding energy of the manganese - vacancy complex has beendet 
ermined by two different techniques'^ The thermodynamic method 

as discussed in chapter 2 involves the rapid quenching of vacancies in 
thermal equilibrium at hig^ temperatures to low temperatures and 
measuring the concentrations of the frozen-in vacancies. These excess 
vacancies tend to anneal out at temperatinres where the vacancies are 
mobile. The rate of annealing in alloys is related to the binding 
energy of the solute-vacancy complex and the migration energy of the 
vacancy in pure metal. This forms the basis for the kinetic method 
of estimating solute-vacancy binding energr. Quantitative treatments 
for these methods are given in the next chapter. While several 
techniques can be used for the measurement of the vacancy concentrations 
the most reliable and widely used one is electrical resistiviiy 
measurements. This technique is of i m mense use in studying the 
excess concentratim of vacancies present at any temperature. In this 
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invest igatioa the binding ener^ of the manganese - vacancy complex 
is computed by electrical resistivity measurements of excess vacancies 
in an aluminium •• 0»35^ manganese alloy. 'Ihis woik is a follow up 
of the investi^tions in an aluminium — 0.1 wt. ^ mana^aaese alloys 
carried out in our laboratoiy^"*^ 



CHAITBR 2 


BMim OP PREVIOUS WOW. 

This chapter deals with the thermodynaaics of point defects 
and the kinetics of their annealing out along with a review of the 
work already done. 


2.1 THEBMODYIJAMIOS OF VAGMCIES ILT METaXS 


Generation of vacancies in a ciystal increases its internal 
energy, since it requires a certain anount of positive woik. Ab there 
are many ways of distributing the point defects on the available lattice 
sites, the configaratiaial or mixing entropy is also increased. So, the 
balance between energy and aatropy terns will lead to a minimum in the 
free energy for a certain concaitraticn of vacancies at any temperature, 
T, above the absolute zero. The number of ways, W in which n vacancies 
can be arranged on F lattice sites is 


ISr(ir-l) (IT^2) (]jr-n+2)(]!T~n+l) 

* n.' 

~ (H-n)! a.' 


( 2 . 1 ) 

( 2 . 2 ) 


The configurational entropy, S, is given from statistical mechanics as 


S 


= k In W = k In 


(llHa)inJ 


(2.3) 


where k is the Boltzmann constant. Using Stirling's approximation, viz. 
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Inxiasxlnx — Xj for x > v 1 , we get 


S =s k [N In F ~ (F-n) In (NHa)-ti In n] (2.4) 

f 

If is the eners'' to fora one vacancy, then the increase in free 
energy, AS*, of a crystal containing n vacancies at ir®K is givoa by 


AP » n - TS 


» n eJ - kT [N In F 


- (F-n) In (F-n) - n In n] 


At equilibrium, 




(2.5) 

( 2 . 6 ) 


(2.7) 


As n <<F, the atomic fracticai (o^) of nonovacancies is given by 


0 _a_ 

°v “ F " 


-E^T 


( 2 . 8 ) 


The equation (2.8) reveals that vacancy concentration is zero 
at absolute zero and increases exponentially as the tenperature is 
raised. So far, we have neglected all the entropy changes other than 
configurational mtropy. The equation (2.8) can be written in general, 
as, 

Cy = exp (S^), exp (-5^5?) = A ejq) (-I^T) (2.9) 

where Sy is the entropy of fomation. A is normally assumed to be 


unity . 
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By similar thermodynamic calculations > the concentraticn of 
di— vacancies, in a metal at temperature r can be shown to be 






( 2 , 10 ) 


where, Z is the coordination number of lattice, is the binding energy 
of a di*-vacancy which is defined as — E^^^where is the energy 
of formation of a divacancy* 


2.2 THERIJODYITAMICS OB VACMCIES IE BIIPIE BUTAEg AILOTS : 

In binaiy alloys, apart from the above considerations, a solute 
atom and a vacancy, next to the solute atom, can interact. Mien this 
interaction energjr or solute-vacancy binding energy B^^ is positive, it 
is energetically favourable for the vacancies to form next to the solute 
atoms, a tendency opposed by entropy considerations# 


Ihe total vacancy concentration, , in an alloy is the sum of 
the free vacancy concentration, G^y and the bound vacancy concentration 

(3) 

Following loner ^ , these are given by, 

= A (1 - zTT I^) exp (-E^T) (2.11) 

arxd = A Z exp [-(J^ - 3 (2.12) 

where A is the entropy factor, assumed to be the same for free and bound 
sites, Jy is the oaergy of formation of a vacanQr in a pure solvent, 
is the solute concentration. 
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So, = A exp [ 1 - Z4-1 + Z exp ^ 

B . 

=' Oy [ 1 - Z^1 + Z exp ) ] (2# 15) 

which means that the total vacancy concentration in an alloy is 
greater than that in pure metal by an amount which depmds on. 
and T. Ihe vacancies in an alloy are partitioned between bound and 
unbound (free) sites. Ehe proportioi of the former Increases with 
increase in and decrease in temperature. 

The binding energy of a solute to a vacancy is due to a strain 
energy term, ABg and an electrostatic interaction term, The 

strain in the lattice, caused by the presence of large sized solute, 
can be relieved by the presence of a vacancy adjacent to it. For 
solutes in noble metal matrix, AB_ is expected to have values between 

(12) 

0.03 to 0.27 e7 based on size effect . The presence of a hetero— 
valent solute atom in a solvoat, causes the latter to be repelled by 
a coulomb force in addition to the normal closed-shell repulsion, which 
reduces the binding energy of these atoms. Por noble metals, AB is 
positive for solutes of higher valency, being 0.1 eY for quadrivalent 

(12) 

solute and 0.12 eV for pentavalent solute . 

2.2.1 Hucleation of Vacancies 

We know that there is an exponential increase in the 
concentration of vacanci»swith increase in temperature. let us see 
how such large concentrations are generated. The idea of nucleating 
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all of them by itaakel pairs is rejected on the basis that high 

energies are required for nucleating these pairs ('^3 e?). Ihe main 

source for generating vacancies must be in extended defects lihe 

dislocations, grain boundaries, free surfaces etc, where there is 

no need to form an interstitial for eveiy vacaicy generated, lhai 

free surfaces are made of high index planes, the kink sites can act 

as sources of vacancies. (This process can continue until surface 

assumes low-index orientation. Dislocations pl^ a very important 

role in generating vacancies. The pulse-heating experimoat of 
(13) Cl4) 

Jackson , Koehler and lund indicate the attainment of a mifom 
vacancy concentration in a grain by heating it for a few milli seconds. 
This \iniform concentration cannot be attained, as shown by theoretical 
diffusion calculations, by diffusion from the surfaces and grain 
boundaries alone, indicating the important role of dislocations in 
vacancy generation. The climb of edge dislocations results in the 
generation or absorption of point defects under conditions of under 
or supei*-saturation. Vacancies can also be nucleated from hi^ angle 
boundaries, 

2.3 CPMCHED-m VAOiNCIES ICT METALS : 

The sample soaked at a hi^ temperature, T^, is cooled rapidly 
(& is the rate of quenching) to a lower temperature, T^^, to retain 
a hi^ concentration of vacancies. So, T^, T^ and g pl^ very 
important role in controlling the concentration of excess vacancies 
produced. T must be hi^ enou^ to have large concentrations of 
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/ 

defects for precise neasu^renent. But the clust^ing of defects 

increases with the rise in quendi temperature^-fend also aggregation 

/ / 

of defects takes ^ace during the quenching itself. If single defects 

/ 

are of interest, the clustering process puts an upper limit to the 

/ 

quench temperature but the requi^:4nient of a measurable amount sets a 

/ ‘ 

lower li»it for the quenching temperature. 


Depending on the binding energy, the concoitration of the 

i 

} 

clusters of vacancies increases during quenching at the ejqjmse of 

I 

single vacancies. Ihen single and divacancies alone are ccnsidered, 
there is a critical temperature, !P*-, below Tdaich the equilibirum 
between and is frozen. Itor Aluminium, this taaperature is 

(15) 

given by the equation 


7k exp (E^ + 

^ [1+48 Cj exp B^!r*-3 


( 2 . 14 ) 


where is vibrational frequency of atoms which are the nearest 
neighbours of a vacancy and E is the single vacancy migration energy. 

HI 

It is found that the number of di-vaeancies formed during the quench 

increases with an increase in quenching temperature, di-vacancy binding 

( 16 ) 

energy and with d-^creasing quenching rate . 


must be sufficioatly low to prevent the loss of retained 
vacancies before and during the measurem^ts» formally the samples 
are quorched in ice or brine and transferred to liquid Nitrogen. The 

z" 

measurement are made at the liquid N Temperature. The cooling rate 
/ 2 


/ 
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g must be hi^ enou^ to retain a major portion of vacancies. Ihe 
high cooling rates will cool the outer layer of sample rapidly, which 
will contract. This process will cause the plastic deformation of 

(17) 

relatively warn core. Jadrson has shown that plastic deformation 
causes increased Tacancy vSink concentration rather than the production 
of vacancies. This effect on concentration of vacancies and also on 
kinetics of annealing, limits the quenching rate to produce no plastic 
deformation. 

2.4 '^T.^gTPJCAl P'^SISTIVITT 0? gja^CJISD-lT 7AC!A!!TCIB3 

The electrical resistivity of materials is increased by the 

(is) 

introduction of defects into the lattice . The presence of 
imperfections causing a dicturbance of the ideally periodic lattice 
results in the scattpring of the conduction electrons and hence an 
increase in the electrical resistance, the magiitude of which is 
proportional to the concentration of defects. Whai a metal is at a 
hi^ temperature, it has defects in thermal equilibrium. The quenching 
of this metal to a lower temperature leads to freezing of these defects. 
These defects, in excess of those in thermal equilibrium, pertaining 
to the lower temperature, give rise to an extra-resistivity to the 
metal. In a pure metal, the extra-resistivity jAp > due to quenching, 
is related to the concentration of vacancies by the equaticai. 


Ap = A X exp (-TyA T^) 


(2.15) 
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where x is the fraction of the vacancy concentration in equilibrium at 

the quenching temperature, I , retained by the quench and p„ is the 

q V 

resistivily per unit fractional vacancy concentration. A plot of In np 
against 1/1^ is therefore linear, with the slope equal to and 

intercept equal to lx p^. 


In interpreting the quenched -in resistivity of dilute alloys, 
allowance be made for the fact that resistivity of unit fractional 
concentration of bound vacancy, , is different from that of a free 

vacancy, P^. The extra resistivity, Ap^, in a quenched f.c.c. alloy 

(l9 ) 

is given by ^ 

Ap^ = iix’ p^ exp(-E^k T^) [1-13 + 12 y exp ^ (2.16) 


where x' is the appropriate value of x for the alloy and 6 = p^y'p^. 


3 (3n Ap^) 



1-13 + 12 6 exp (B^^A 


(2.17) 


It is found experimentally that if Ap is measured for different quench 
temperatures over a narrow range, a plot of in Ap against 1/T is a 

^ Si 

strai^t line with the slope defining an apparent activation energy 



3 (in Ap^) 

3(i/T^) “ 

Comparing two equations (2.1?) and (2.18), we get 


(2.18) 
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1-13 + 12 e exp (B^^A I^) 


(2.19) 


Por using equation (2.19), the relationship between AE and 

^Vi computed for various values of 6 , and and the computed 

curves are used to derive from the experimentally measured values 
f f 

of (Ey - E* ). This method is termed themodynamio method as the 
basic equations (2.15) and (s'* 16) are similar to thermodynamic 
equations (2.9) and (2,13). 


KMETIOS OP MEML'mG- OP OlfflCHED-BT VACMCIES 


As already shown, vacancies can be retained in a metal in 
excess of the thermodynamic equilibrium eoncaitration. This thermo- 
dynamic driving force reduces the concentration of these vacancies to 
the equilibrium concentraticn , characteristic of the temperature. 
Annealing is the process of disappearance of the super-saturation of 
defects. Since the mobilily of defects increases rapidly with increasing 
temperature, a suitable temperature interval can always be found in 
which the rate of disappearance of a given defect can be measured. 

The annealing may occur as a single or a multi-step process. The 
isochronal annealing of a quenched sample involves heating it to 
successively hi^er ter.i)cratures with the time of heating at each 
temperature being fixed. The attendant changes in vacancy eoncaitration 
(measured by the changes in electrical resistivity) at the aid of each 
heating step can establish the annealing stages. Once the annealing 
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stages are identified, the kinetics of each stage nay be studied to 
detemine the activation energies associated with the processes. 


2 . 5.1 Iscthor'-nl .'nncalin,-; 

(20 21 ) 

Pederi^i et al^ ’ ' perfomed isochronal annealing of 

quenched 99*995^ pure il for a period of 2 minutes at each temperature 
The results are shown in Figure 1. There are two isochronal stages. 
They observed that the largest fraction of the quenched-in resistivity 
anneals out in stage I securing at or below room temperature. This 
stage I is due to the formation of dislocation loops and voids by 
vacancy condensation as shorn by transmission electron microscopy 
Pederighi st al also observed similar results for dilute H alloys. 


(22,23) 


The simplest annealing process is that in which single vacancies 
diffuse to a fixed number of unfillable sinks. The long tine solution 
for the process Indicates a simple exponential decay of vacancies. The 
number, n, of defects remaining in the metal changes according to the 
relation, 

% = - Kn (2.20) 

uu 

where K is a rate constant independent of n and propord:ic»aal to the 
diffusion coefficient, D, for the annealing species. So, 


n 


-Kt 
n e 
0 


(2.21) 


where K = aD, wdiere a is identified with sink concQitration. 




FlG.1. Isochronal annealing of pure Al. 
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In dilute alloys, eveiy vaeancsy encountei^ a large number of 
solute atoms during its diffusion to sink. If the vacan<^-solute 
complex is immobile or has lower mobility than that of free vacancy, 
the vacancy is trapped and the complex must dissociate before the 
vacancy can migrate to a sink. 


Damask and Dienes^"* ^ gave the following theoretical treatment 
symbolising the annealing process by two chemical equations. Ihey had 
assumed that the defect concentration is low enou^ to neglect the 
interaction of vacancies with one other and with vacancy-impurity 
complexes, and the diffusion of vacancy to sinks is described by a 



(2.22) 

(2.23) 


where V, I, and C are the coneentratims (atomic fractions) of vacancies, 

unbound impurity atoms, and vacancy - impvirity complexes, respectively, 

and the K’s are the corresponding rate constants. The differential 

equations for these reactions can be written (after the substitution 

1=1 - c) as 
0 


dt 


^0 ^ 


Ki C V - C 


(2.24) 


lx iv + K. cv + e:„c-k_v (2.25 ) 

dt 1 0 1 2 5 

where is the total impuriiy concentration. The total vacancgr 
concentration is described by the differential equation 
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dt dt ■ dt 'dt “ 3 -• 


(2.26) 


Equations (2*24) and (2.25) fom a set of nonlinear coupled 
differential equations mbich, v^en solvedj will describe the cacq;»lete 
annealing behaviour of the ^sten. Ihe equlibriun vacant^ concentra- 
tion at the annealing ten^jerature is negligible, and so, V and C 
approach zero as time approaches infinity, inalog computer solution 
(for a variety of parameters) of these equatiois showed that the number 
of complexes, C, increased very rapidly during the early stages of 
annealing, and during this transient period, the free vacancy concen- 
tration decreased rapidly. After these transients, 0 and V decayed 
steadily. The transients correspond the establishment of equilibrium 
between Y and 0, characteristic of the annealing temperature. Dae 
rapid elimination of these transient conditions suggests that an analytic 
approximation could be used for the buli; of the vacancy decay curve. 
Equilibrium for the reaction given by equation (2.22) implies that 


G 

V(I^-G) “ Kg 


(2.27) 


which, incidentally, is also the condition for the steady-state appro- 

dC 

ximation on C, i.e., ~ = 0. Many of the decay curves were fovind 

dt 

c 

to be simple exponoitial in time i. e. ~ remains constant. This is 
obtained vtooa a farther approximation namely G is made^ we 

get 



( 2 . 28 ) 
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Substitution of equation (2.28) in (2.26) and integraticn gives, 


0 + V = N = (1 + (l^ 


(2.29) 


where is the free vacan<^ concentration at the beginning of the 
exponential decay and, 


K„ 


K = 
e 




(2.30) 


The various rate constants are given by 

» 84 V exp (-E ^T) (2.31 ) 
Kg » 7 V exp [- (E^ + B^^VkT] (2.32) 
K^ * a V exp (- EykT] (2.35) 


where 84 and 7 are the appropriate eorabinatoiy numbers for association 
and dissociation of complexes in E. C.C. lattice, a is the vacancy 
sink concentration, v is the jump frequency and X is the jump distance. 
Therefore, for solute-vacancy interaction 


K- 


(2.34) 


The equation (2.30 ) can now be rewritten as , 


K h (fli) 

e 1 + 12 I. exp '‘kT ' 


(2.35) 


As K_ can be detemined by annealing experimaat on a pure sample and 
0 

Kg can be found out by similar experimait on an alloy at the same 
temperature, can be found out by equation (2.35). 
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When the queaching tenperatures are bi^ divacancies will be 
formed. Hiere will be a simxiltaaeous annealing out of sin^e and 
di-vacancies to fixed sints, the kinetic equations can be written now, 


V + T G 


V + V. 


V sinks 


Vg sinks • 

The differential equation can be writtai similarly after substitution 

I = I - a as 
0 


f - - + K, 7 0 + G - k/ + Vz ' V 


(2.36) 


» — K — Z V -K 7 

dt 2 4 2 5 2 6 2 


(2.37) 


~ VI -KVC-K.C 

dt 1 0 1 2 


(2.38) 


As the total vacancy concentration 0=7+2 Vg+C 


So, ^ =* ^ + 2 ~ - K- 7 -> 2K, 7 

^ dt dt dt dt 5 6 2 


(2.39) 


The rate constants K^, and Kg are given by 


K . = 84 V exp (- E^T) 


Z 5 = 14 V exp [-(E^ + 
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of divacancy. 

with a steady state approximtion 
weak solute-vacancy biading energy, 

(2.40) 

“4 “6 

For this solution, it has been assuned that solute-vacancy conplex is 
immobile and the fomation of divacancy - impurily complex is neglected. 

A \ 

The Computer solution' ' of differoatial equations (2.36) to (2.39) 
indicates th4 the steady state approximation is incorrect. 

2.6 ISOTHEriMAL ANITBAIISG AT HIGH TiMPgaiiSUHES 

The hi^ ten^jerature decomposition of Al-Mi (I-IO wt ^ Ito) 
alley should lead to precipitation of the equilibrium Alg I&i phase. 
Other metastable precipitates also appeared in the structures, 
dependent whether the isothermal annealing temperature was above or 
below 550°C. Hes et al^^^ examined A1 - 1.8 wt ^ Ma alloy at 460°C. 

The short time annealing gave three different products, of which one 
was metastable cubic G phase with b.c.c. stsructure (a = 7.54 + 0.08 A°) 
and the other two phases, denoted G’ and G” were simple cubic 


E 


K, 


a V X exp [ - 


H2) 

kT 


where migration energy 


n 
(24 ) 

Ghik has solved equation (2.39) 

dV 

on di-vacancies i.e., -r~ = 0, For 

' dt 

his solution is 


1 1 

3]exp[ } 

0 . T 

1 + ~ I 

^2 ° 

OTT V 
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(a = 12.75 + 0.15 A°) and hexagonal (a = 7.54 + 0.07j C = 7.84 + .08 A°) 
respectively. !Ehe relative amount of G phase increased with increasing 
annealing time. G phase nucleated preferentially on both G* and G’ 
particles. G" phase has been suggested as a metastable phase in this 
whereas G’ as impurity induced phase. 

little eb al^^^^ had observed that "G" phase got dissolved 
when isothermal annealing at 600°0 was done for 24 days, and it 
dissolved in much lesser amount when isothennally annealed at 550°G 
for 40 days but its proportion remained nearly constant when isother— 
mally annealed at 460®C for 40 days. 

The kinetics of precipitation in Al-Mh (1 wt io) alloy have been 
incompletely studied by Ijahiri^^^^ is range 425° to 550°C for very 
short times. Studies have been made, in this investi^tion, cn this 
alloy isothermal annealing in the range 400° to 550° G for much 


longer times suda as 42 days. 



CHAPTER 3 


EXPERIMTAL ElOCEDORE 

3.1 MATERIALS SIDRIES ; 

The present investigation necessitated the use of the 
following materials i 

i) Jure aluminium, 99.999^ pure 

ii) Alu m i ni um - 0.55 wt % manganese alloy 

iii) Aluminium - 1,00 wt % manganese alloy 

The alloys were prepared from 99.999^ pui« A1 and 
99*999 io pure ISi. 

3.2 PREPARATIOT AHI) PR0CESS1H& OF ALLOYS 


The required weired quantities of pure metals, after cleaning 
with hydrochloric acid wei^ melted in high purity alumina crucible 
putting it in an electric louffle furnace. The ingots after homoge- 
nising at 625 °C for 72 hours were hot forged to a size of 12.5 mm. 
diameter rods vhich were swagged in stages with intemittent annealing 
to a size of 2.5 'nmi diameter rods. They were cold rolled with inter- 
mittent annealing to size of 0.85 mm x 0.85 mm. The present investi- 
gation had been carided out aa the wires prepared by Lahiri^^^^. ®ie 
results of spectroscopic analysis of alloys are givoa in Table 1. 
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Table 1 

Eesults of Spectroscopic ioalysis of used alloys : 


Alloy 

wt ^ Mn 

Elements present 

Elements not 



in trace 
(<0.001 wt %) 

detected 

Al-0.35 wt^ Ml 

0.35 

Cu 

ai,Si, Ee,Cr, Fg 
Hi, Ti 

A1-1.O0 wt ^ Mb 

1.00 

Mg Cu 

Si,Ee,Hi,Cr,C!d. 


3.3 SAMPLE IBEIARATiasr 

A wire of pure A1 or alloy of about 70 cms, after cle an i n g, 
was wound to a helical coil of about 7 mi internal dianeter with 
about 3 cins of straight lengths at each end. As the measurement of 
low resistance necessitates the use of separate current and potential 
leads at each end of sample, four wires of about 70 cms length were 
taken fusing two of them to each aid of the sample. Hie following flux 
was used for fusion s 

Sodium chloride 32jS by wt ; Sodium flouride 15^ by wt, 

Lithium chloride 27^ by wt. Potassium chloride 26^ by wt. 


The details of joining the leads are described in the work of 




A slight modification had been made to the sample assembly- 
used by Lahiri^^^^ as showi in KLgure 2. All the four leads were 
insulated with reixactoiy beads to a length of about 45 cbs. froia 
the junction of the lead wires and the specini^* To facilitate 
identifioation of lead wires coining from oie end of the sample, one 






nc. z sample: assembiy 
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large sized bead was put, at the end, in each of the two wires coning 
from one end of the specimen. One mild steel rod of 50 cos. length 
and 2.5 Em dia. was taken and four grooves at a distance of 12 enis. 
from one end and from each other were made on it. !Ehe sample assembly 
was tied to this mild steel rod by pure A1 wire making sure that the 
A1 wire was not touching the lead wires. The grooves, in mild steel 
rod, helped in keeping the specimaa ti^tly attached to the rod. 

The four ends of lead wires were tightened. This arrangement allowed 
the quick fall of the sample during quenching. While measuring the 
resistance of the sample, the possible short circuiting of the lead 
wires . was prevented by inserting them into 4 holes made on a neoprene 
sheet. The portion of the lead wires, above the neoproae sheet, was 
bent throu^ 90° to facilitate easy handling of the sample. The neop- 
rene sheet was taken out, and the lead wires held in positim by 11 
wire, Thenever high temperature heating was dene. 

3.4 EUBCIRICU, SESISTMCE MEA^BEMMT SET UP ; 

The following well known relationship gives the electrical 
resistivity of the sample 

where R is the resistance of the sample in Ohms, I is the 

length of sample in ems, A is the cross-sectional area of the sample 
2 

in cm and p is the resistivity of the material in Ohm-cm, Is the 



27 


present investigation reqiiires the measureniait change in resistivity j 

-u 

the equation (3.l) is writtm as 

(i/A) 

we see from equation (3.2) that the variation in resistivity, Ap , will 
be directly proportional to the variation in resistance, aR, since the 
VA ratio for a particular sample remains constant. The length and 
area were chosoi as a compromise for precise measurement of resistivity 
and the maximum resistance that can be measured on the Kelvin Bridge, 
Table 2 shows the (it/a) ratio used for some samples. 

Por accurate measurement of resistance of the saa^jle, Kelvin 

bridge had been used. The circuit diagram of it is shovai in Jigure 3, 

where X is the resistance to be measured, E is the movable resistance 

for comparisaa, A and B are calibrated resistance in main ratio arms 

of the circuit and a and b are the calibrated resistances in the 

auxiliary ratio arms and d is called the yoke. The Kelvin bridge is 

most ssasitive whm A/B ratio is equal to 1 . So, for most of the work 

done here, the bridge was worked at A/B ratio equal to 1. !l3ie details 

( 1 2T 2© ) 

of using the bridge are discussed extensively in literature'’ * * * 

3-5 3XPERI?!HITi.L SKT-dl 

The following were the basic units used. The detailed procedures 
for the different types of esperimaat is given in next section. 



2ri(^^ 


lable 2 

(i/a) Batio of Samples for Resistance Measu 3 ?Qa.ent 


Material used 

Sample No. 

Size of the 
wire mm 

lengths of 
Sample cns 

(Va) cm“^ 

99,999fc A1 

1 

0.85 0.85 

58.5 

8'.097’'10^ 


2 

0.85 X 0.85 

58.7 

8.125x10^ 

A1 - 0.35 wt fo m 

1 

0.94 X 0.90 

54.1 

6.40 xio^ 

alloy 

A1 - 1.0 wt ^ 111 

1 

1 .011 mm dia 

57.5 

7-. 16 xio^ 

alloy 

2 

.86 X .84 

53 

7.33 10 ^ 


3 

1.011 am dia 

48.5 

6 . 039 x 10 ^ 


4 

1.011 on dia 

43.7 

5.44 X 10 ^ 
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3«5.1 Hirii ^Temperature Bimaces (Mr TOi-maAfta'i 
(a) Bottom Sealed JUnaaces : 

Two bottom sealed furnaces were used. The inside diameter 
of tube was 56 mm and it was 575 mm long. The 100 mm long refractoiy 
plug closing the bottom, rested on an arbestos board. (Hie constant 
temperature^ is about 75 mm in length and it is icmediately above the 
plug. The top end of the furnaces was closed by removable refractory 
lid. This lid was cut in two vertical halves. A rectangular vertical 
groove was also cut at the cut sides of the halves to facilitate the 
hanging of sample in vertical position. In one of the lid halves, two 
6 mm dia holes were provided to take two 6 mm dia two hole thermocouple 
refract03y tubes. Chromel-alumel thermocouples, inserted throu^ these 
holes were put at a hei^t of about 4 cms from the inside bottom of the 
furnace. Hie coiled part of the sample rested at Ihis hei^t of furnace. 

One of the thermocouples was connected through chromel-alumel 
compensating leads to a Iieeds and Borthrup Thermocouple Electromax 
Signalling * on-off’ controller, udiich had an accuracy of + 0.7 °0. The 
other thermocouple was connected to a I & N lotentiometer, which 
measures the furnace temperature accurately, 

(h) Quenching Rirnace : 

TThig furnace was similar to the above two furnaces excepting 
that the bottom was opoi. It had a tube of 56 mm dia and of 70 cm 
length. The furnace was put on a raised platform, wdiich had a big 
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sized hole, to let the botton hole of the fumace freely opeti. !Ehe 
bottoEi hole of the furnace was closed and opened with the help of a 
metallic movable lid hinged to the platefom. iihe top lid was cut 
into two halves as a case of above furnaces* Cne heilf had two holes 
of 6 on dia for thermocouples. !Ilhis half was ti^tened by wires 
externally to fix it vertically with no movements. The other half 
of lid was cut horizcn tally , so that it did not get into fumace 
vdiQl put on it but just covered the hole completely. The constant 
temperature zone of this fumace was 50 mm Icaig at a depth of 14*5 cms 
from the top of the lid of fumace. L & U electmmax controller and 
potentiometer were used to control and measure the temperature accurately. 

3-5.2 Quenching Vessel : 

A steel pipe, 100 ram inside dia, and 100 cms Icaag, having its 
bottom closed was taken. This was covered with asbestos cloth from 
all the sides except the top end. This pipe was mounted vertically 
on a four wheeled, movable table. A spongy packing was ti^tly 
inserted at a depth of 70 cms from the top. This quenching assembly 
had a total hei^t so that the top open end of the pipe was just 
nearing the bottora lid of the quenching fumace, if the qu^ching 
vessel was put below it. 

3.5,3 Constant Temperature ffater bath In Dewar Tlask ; 

(below room teiaperature), A 1500 cc beaker was put in a Dewar 
Plask with the help of two stands, so that its top periphery was at 
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the level of top peripheiy of the flask. A 450 watts heater was used 
along with a iisher proportional controller to control the hath 
temperature to an accuracy of + 0.1 ‘’C. A precision thermometer with 
0.1 °C graduations was used to adjust the controller. A small electric 
stirrer was used for stirring the bath. 

3.5.4 Constant Temperature Water bath (above room temperature) 

A 2000 c.c. beaker was used. A 450 watts heater was used 
along with the Pisher Proportional Temperature controller and with a 
precision thermometer of graduations 0.1 ®C to control the bath t^perature 
to 70® + 0*1 °0. The small electric stirrer was used for stirring. 

3*5.5 Resistance Measuring Bath : 

The resistivity measurements had been made at the boiling point 
of liquid nitrogen (78®K) for the following reasons i 

i) the quQiched— in vacancies can be retained without any loss caily at 
sufficiently low temperatures, 

ii) the total resistivity of the sample decreases sharply with the 
decrease in the temperature of measurement. As the resistivily contri- 
bution due to the quenched— in vacancies is only a s m all fraction of the 
total resistivity of the sample, the error involved in computing the 
former will be considerably less if the latter is kept low. 

liquid nitrogen was takoa in a me-litre, 19 cm deep Dewar 
Plask and the sample was inserted in it. It was ensured all the time 
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that the upper level of liquid nitrogai was at least 40 na above the 
junotioa of "the leads of the sanple. 

3,6 TOTPirnTMEWTiX IROGEDOEE ; 

Each sanple was annealed at 600® G for 2 hrs and air cooled 
before any of the treatnents was given to it. Ihis was to ensure 
homogenisation of the wire, fonnation of coarse structure with low 
dislocation density and the formation of a thick impervious layer 
of alumina with no further growth of it in latter experiments. 

3.6.1 Quenohed~in Resistivity Measurements : 

The principle of this method is to measure the extra resis- 
tivity due to quenched— in vacancies as a function of quenching tecpe— 
natures in pure Aluminium and in A1 - 0.35 vrb % Wa. al!J. 0 |y samples. Each 
sample was heated In the quenching furnace, maintained at the quenching 
temperature, T^, and soaked for 30 minutes. The quenching vessel had 
iced brine solution maintained at about 0®0. ihe vessel was moved, 
to be in alisment with the furnace hole. The bottom metallic lii 
and top lid were opened simultaneously to allow the free fall of the 
sample to the quenching bath. As soon as the sanple entered completely 
in quenching vessel, the latter was imediately moved out of the 
table and the sample taken out of it and transferred to ice cooled 
acetone in a beaker and then was imediately transferred to the Dewar 
flask filled with liquid Nitrogen before hand. This whole operation 
of lid to the transfer of sample assembly to the Dewar 


ficm opening 
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flask having liquid nitrogen took 5—7 seconds. The resistance of the 
saiaple was^ then, measured. The sample was transferred to an air 
furnace maintained at 250°C via eicetone. This annealing was done for 
50 minutes and then the sample was taken out of the fumace and air 
cooled. The resistance of the sample was measured again at 78^, The 
difference in resistance, AR, between the quenched-in state and the 
annealed state is due to the quenched-in vacancies. This experiment 
was repeated for different quenching temperatures T^ in the range 
325®C to 500°C. As the retention of quenched-in vacancies in a veiy 
sensitive experiment, particularly for pure aluminium, for each 
temperature, at least two reading were taken for each temperature and 
the average value computed, 

3 . 6.2 Isothermal Annealing at Low Temperatures : 

Isochronal annealing studies on Al-0.35 wt ^ Ma alloy reveal 
that there is a recovery stage occuring around The kinetics of 

annealing of vacancies in this stage have beaa studied by quenching the 
alloy and pure A1 samples from 445 '’G and employing annealing temperatu- 
res of 0®, 10®, 20° and 30®0. Each sample was heated for 1 hour at 
600® 0 and air cooled. The sacqjle was then quoached from 445® C after 
soaking for 30 minutes at 445®C as described in section 3«6^1, 

The as— quenched resistance was measured at liquid nitrogen temperature 
and then the sacple was transferred to the annealing bath held at 
constant temperature via ice cooled acetone, maintained at tenperature 
below the annealing temperature. After annealing for a noted time in 





Fig. 3 Diagram of Kelvin bridge circuit 
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that bath, the sanple was transferred to the Dewar flask having 
liquid nitrogen via cooled acetone. lEhe resistance was again 
measured. This process was repeated for different tine periods of 
annealing till the late of fall of resistance approached a low 
value. Now, the sample was annealed in water bath kept at 70°G 
for 10 minutes to complete the first stage reaction and the 
resistance was again measured at 78°K. 

3,6«3 Isothemal Annealing at High Temperature : 

Isothenaal annealing in the temperature range 400°G to 550® C 
was carried out to study the precipitation kinetics of ^-1.0 wt ^ Jfci. 
alloy. The sample was heated at 600° G for 36 hours for homog^isi n g 
it. This was quenched in iced water and then the resistance measure— 
ment was done at 0°C. The sample was dipped in acetone cooled by ice 
surrounding it and ■vrtien the temperature 0*0, the resistance 
measurement was done. This was referred as • Isothennal annealing 

was then carried out in the air furnace. The sample was takoi out 
after known interval of tine and air cooled before measuring the 
resistance at 0°C. The change in resistance during annealing for t 
minutes at a fixed toiperature was given by, 




(3.3) 



CHAPTEH 4 


ECTSElIMMIAl HESCTLIS MI) DISOTSSIOI 

4. 1 QgMCHED-m resisjiyib: 

(21 ) 

Panseri and Pederi^i^ had shorn that if a sample of 
aluinini™i was quenched from an elevated temperature and then reheated 
for 15 minutes at 240°G, all the excess vacancies disappear and the 
resistivity of the sample corresponded to that of the defect— free state# 
So the difference in the measured value of the resistivity j 
immediately after quenching and after annealing at 240°G, corresponded 
to the contribution from excess vacancies retained by the quench. 
Similar treatment Could be givesn to dHute AL alloys^ which do not show 
any clustering and attendant precipitaticn of solutes during this 

( 11 ) 

treatment# Isochronal annealing studies on Al— 0»35 wt % Mi alloy 
indicated that there was no clustering in the alloy. 

Ih order to determine the binding energy of the manganese- 
vacancy complex, it was first of all necessary to Imow the energr of 
formation of vacancies in pure Al. Hence quenched-in resistivily 
measurements were 99.999^ pure Al. It must be emphasised 

that the measurement of &p is rather difficult in these saB?)les. Evm 
sli^t deformation of the samples during quenching or during subse- 


quent handling led to abnormal values for Ap . In order to minimise 
the errors atleast three readings we3?e taken for each quenching 



temperature; the ayerage value of the excess resistivity as a function 
of the quenching temperature is tabulated in Table 3* The values for 
Ap obtained in these experiments were slightly hi^er than those 
obtained by Pederi^i^^ ^ and Duckworth and Barke^'^^\ The temperature 
dependence of the as^uenched resistivitsT was studied by plotting 
log Ap against tOOQ/T in Pigure 5* 3he plot was linear and the 
equation to the strai^t line had been found by regression analysis 
to be 

log Ap . -3.8448 + 8.2119. 

From this the energy of formation of a vacancy in pare A1 was calc^llated 

to be 0.76 + 0.02 eV. Ihis value was the same as that reported by 

Duckworth and Burke^^^^ and Federi^ii^^*^^.. However it was hi^er "^lan 

(32) 

the value of 0.66 eV reported by Hood et. al.' 

. * , 

OIhe apparent energy of formaticn of a vacancy in the Al*-0»35 wt % 

Mh alloy had been deteimifaed by studying the temperatuj^ dependence 

of the as-quenched resistivity* -dhe results are tabulated in Table III. 

It is interesting to note that Ap for the alloy was lower then that - for 

(32) 

the pure metal at all the temperatures. Hood et al had observed 
that the excess resistivities arising in Al — 0.0145 wt ^ Ih and 

(11) 

Al - 0,044 at ^ la alloy were hi^er than those in pure 11. lahiri 
had observed that the resistivities inll — 0. 1 wt^Mi alloy were 
hi gher than those for pure Al at temperatures below 350°C. The 
Arihenius plot for log Ap against 1000/Temperature for the alloy iB 
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Table 3 

(^lenehed-iQ Resistivity of pure A1 (Sample No. l) and 
Al-0,35 wt ^ Ml alley (Sar^ile No, 1) 


I, Pure 

A1 Sample 

II. A1 - 0.35 wt %mi Sample 

1000/T 

(»r’) 

log Ap(ptjvcm) 

1000/T^ 

log Ap (n^vcjm) 

1.6584 

- .2093 

1,6722 

- .2877 ■ 

1.6051 

+ .1252 

1.6051 

- .0138 

4,5435— 

+ .4897 

1-.-6051 

- .©1-38 

1.5452 

+ .4897 

1.5432 

+ .2151 

1.4859 

+ ,6827 

1.4859 

+ ,3240 

1,0327 

+ ,8241 

1.4327 

+ .5649 

1.3831 

H- .9550 

1.5851 

+ .7097 

1.3569 

+1.1869 

1.3369 

+ .8273 

1.2690 

+1.3347 

1.2937 

+1.-0468 . 
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shoMi in Pigurs 6* Hie equation to the strai^t line as found out 
by analysis was 

log Ap . -30793 ('^) + 7.1941 . 

Prom the slope of the strai^t liae, the appareat activatioa energr 
for the fomation of the vacancy in the alloy was found to be 0*67 
0#02 eV* Por A1 ^ 0. 1 wt ^ Hi all qy the apparent activation oiergT' 
had been found to be 0.58 + 0. 04 

4.2 BmiBIg SCBRCT mox AS-gjarCHED RSSISTr/IIY I.'SlS'JRaigT' 

IChe manganese-vacan^ binding Ehergy can be calculated by 
equation (2.19) which is due to Duckworth and Buifce^^^^, [Elis equation 
has an unknown term 0 , which is defined as the ratio of the resistivity 
contribution due to an associated vacancy to that of a free vacancy. 

(34 ) (11) 

Bamachagdran and Jena and lahlri had studied the 
effect of clustering during the quenching of aluminium alloy 
containing amai 1 amounts of solute atoms by extending the theoretical 
calculations of Doyama^ , Reformulation of the expressions for 

(11) 

quonched-in resistivity on the basis of clustering indicated that 
Ae is defined by 

12 Iq V ezp 

®Vi 

1-13 !„ + 12 lo ^ s: 

expression was similar to that of Duckworth and Buikej excepting 
that Idle term 6 was absent in the numerator. 



0-6 7 + 0-0 2 ■ 



aUENCHFD-lN RESISTIVITY OF Al-035 Wt/ Mn ALLOY 
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In the present anrestigation, for pui>e 11 = (0.76 + 0.02) eV 
and for Al - 0,35 wt ^ Mi alloy » (0.67 + 0.02) eY, so, it - Ey =4E 

= (0.09 + 0.03) eV. With this value of AE, I as 17.25 ^ 10”^ atomic 

fraction, and taking, the aveiage quenching temperatui^ I to be equal to 

Q. 

4100C, the equation (4.I) v?as satisfied with B equal to (0.21 eY). 

* V J. 

lahiri^ ^ had reported value for Al - o.lO wt ^ Mh alloy to be 
(0.29 + 0.04) eY, whereas Hood et al had reported it to be (o.15 + 0,15) 
eY. Glie present value of 0,21 eY lied in between these two values, 

4.3 ISOTHEEMAL MHEAIIHG!- OE YAGIHGIES 

As discussed in chapter 2, By^ can be found out by analysis 
of Kinetics of annealing of vacancies in pure metal and its dilute 
alloys as given by equation (2.35), 



if K^ and K^ are determined at a fixed annealing temperature, 1. 

Ihe equation (2.29) gives the total number of vacancies in the alley 
at any time t during annealing process, which is rewritten as, 

K. 

H s Y^ [1 + (^) Ij exp (-Kg t) 

The excess resistivily due to presence of vacancies is 

K 

Ap = Py n + SIq ^ ^"^e 


(4.1) 
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The pre-exponential factors are constants for a constant annealing 
temperature. So, taking logarithm on both sides of equation (4»l)j 
we get 

K t 

log (Ap ) - log c - (4.2) 

Uow in tho annealing experiments ^ 

AP = ( 4.3) 

Apo ~ Pq '* Pf (4-‘4) 


where p 


= Resistivity of the sample in as quenched state 

= Resistivity of the sample after annealing for t minuttSs 

» Resistivity of the sample after annealing for 10 minutes at 
70° 0 at the end of isothemaal aruaealing, which ensures the 

( 1 1 20 ) 

completion of first stage reaction'' ’ \ 


A is constant for an experiment. let us sub struct logAo^ from 
both sides of equation (4.2), we get 

K 


log (iii-) = log (—) - 

® 'Ap^^ 4.303^ 


K 


=s constant - ^ 


2.303 




(4.5) 

(4.6) 


Ap 

A plot of log (*^) against the tine of annealing, t, can give the 
0 

value of K . An isothermal annealing experimoit, carried out on a 
e 

quenched pure A1 sample, will lead to the deteimination of K^. Ihe 
known values of and can, then be used to deteimination of \i- 
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4.3«1 Isothermal AnaeaXitig of pure Al for = 445 °G 

Ihe experimeatal procedure had beoa described ia. chapter 3» 
The temperature of quenching was 445®0. Bae annealing temperatures 
used were 0°, 10®, 20°, and 30° 0. These temperatures were arrived at 
from the isochronal data of Pederi^i^^^^. 


The experiments were repeated atleast twice -at each annealing 
temperature. The results, of one set at each tmperature, were 
tabulated in Table 4. The isothermal annealing data were also shoroi 
as plots of log against time for various annealing temperatures 

in Ii.gure 7. The values for the rate constant, at various 
temperatures were found from the slope of the linear plots. Bae 
average values of were shown in Table 4. 

The tempeiature dependence of the rate constant had been 
shown as a plot of log against IOOQA® ^ H^ire 8. The linear 
slope proved that the annealing process ob^s the first order kinetics 
and so the activation energy of 0.65 eV can be identified wi1ii the 
migration energy of a single vacancy in AL. Biis value of 0.65 eV 
was in good agreement with the value of 0.67 eV as reported by 
lahiri^^’*^ and 0.60 - 0.65 eV as reported by Pederi^i^ \ 


4 .^ 3, 2 I ' ~thcr al .“.nncallr-r ■•^f Al - 0 . 55 wt ^ Mi alloy for 445 , „p . 

The experimental procedure had been described in chapter 3- 
To decide about the temperatures of annealing, the isochronal data 
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Table 4 

Isothenaal annealing of pure A1 (Sample 1) 
Quenching Temperature = 445 + 1®c 


I. Annealing Temp = 

0.0°c 

II. Annealin;: lemc = 

= 10°c 

Annealing 

Time 

Minutes 

Ap 

o 

Annealing 

Time 

Minutes 

1 O 

CL ^ 

<1 » <1 

xog 

0 

0.0 

1.0000 

0.0000 

0 

1.0000 

0.0000 

2.5 

0.8947 

-0.0483 

1 

0.8235 

-0,0843 

7.5 

0.7763 

-0.1100 

3 

0.7647 

-0,1165 

12.5 

0,6710 

-0.1733 

7 

0.5294 

-0. 2762 

17,5 

0.6447 

-0.1906 

13 

0.3823 

-0.4175 

25 

0.5000 

-0.3010 

21 

0.1764 

-0.7533 




31 

0.0816 

-0.0882 

at 0°c = 

,0245016 min“'^ 

K, at 10°c 

= .064357 min””' 

III. Annealing Temp 

= 20°c 

17 Annealing Temp = 

30°c 

Time 

Minutes 

Ap 

IfT 

0 

Ap 

log (if) 

0 

Annealing 

Time 

Minutes 

Ap 

0 

/ Ap 

0 

0,0 

1.0000 

0«0000 

0.0 

1.0000 

0.0000 

■ 0.5 

0.8775 

-0.0568 

1.0 

0.7441 

-0.1^4 

1.5 

0.8571 

-0.0670 

2.0 

0.5232 

-0.3217 

3.5 

0.5102 

-0.2923 

3.5 

0.3023 

-0.5196 

6.5 

0.2653 

*0.5763 

5.0 

0.1651 

-0.7822 

10.5 

0.1836 

-0.7360 

7.5 

0.6720 

-1.1421 

15.5 

0.0816 

-1.0882 




K_ at 20°c = 
5 

-1 

= .16256 min 

Kj at 30°c 

= .383510 min”^ 



kl 

0. 


k 

o 


ID 




■4 

k 

tu 

h 

o 

(0 


K 
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• ( 1 1 ") 

of lahiri for Ml • 0*35 wt ^ Ma alloy, as shown as plot in. 

Pigiixe 9, was analysed. !Ehe reeoveiy stage appeai^ed to take plac® 
in range 0° to 40°0. So, the isothermal annealing temperatures chosen 
were 0°, 10°, 20° and 30°C. is the hi^er tec^eratui^ of quenching 
(620°c) used by Iahiri^^^\ mi^t cause conplications , such as 
formation of clusterir.g, divacancies, etc., 445°C was used as the 
quenching temperature in this investigation. 

The experiment was repeated atleast twice at each temperature 

of annealing. The results of one set of data were tabulated in table 5* 

, Ap V 

The plots of log 1^“”} against annealing time for different sets for 

^0 

one temperature were plotted separately and then the average curves 
were drawn, jPigure (lo) showed the plots of various sets of data 
for one temperature and the avejrage curve had been drawn there in. 

Sueh average curves for different annealing temperatures had been 
plotted in Ilgure (ll). It was clear that the plot of log (Ap/fep^) 
against time was made up of two parts. So, the vacancy elimination 
reaction, in this alloy, did not ob^ 1st order kinetics. Ihis was 
likely to be due to the presence of di-vacancies, which were known 
to anneal out at a faster rate than mono-vacancies, or due to solute- 
solute clusters. I>ackworth and Buifce also got such deviation from 

the first oarder kinetics vihile investigating Al-Mg alloys containing 

^ ( 11 ) 

.0053 "to 0,0482 at % Mg quenched from420°C. Ifihiri also, got sueh 

deviation from the fifst order kinetics while investigating 40.-0.35 wt % 

Mn alloy quenched from 445 °0. -^s a linear relationship existed during 





49 


Table 5 

laotheimal atuiealing of wt % Mi alley (Saaple Ho. l) 


Quenching Teoperature » 445 + i®o 
I. .'innealing Tenp » 0.0°C II. innealing Imp = 10°G 


Annealing Time 
Minutes 

Ap 

log (^) 

Apo 

Annealing Time 
Minutes 

ap 

APq 

log 

^ 0 

0 

1.0000 

0.0000 

0 

1.0000 

0.0000 

2.5 

0.9815 

0.0082 

1.5 

0.925 

■^.0338 

7.5 

0.7777 

0.1092 

4.5 

0.825 

-0,0835 

14.5 

0.7593 

0.1196 

9.0 

0,700 

-0.1549 

39.5 

0.5370 

0.2700 

15.0 

0,625 

-0.2041 

54.5 

0.3888 

0.4102 

22.5 

0.475 

MX 3235 




32.5 

0.450 

—0*5468 




III. Annealing Temp = 20°G 

17. Annealing i 50 

°C 

Annealing Time 
Minutes 

Ap 

log (-l^) 

APq 

Annealing Tine “4^ 
Minutes ^0 

log C-^) 

0 

1.000 

0.0000 

0 

0.1000 

0.0000 

0.5 

0.8235 

-0.0843 

0.5 

0.8369 

-0.0773 

1.5 

0.7059 

-0.1512 

1.5 

0.7162 

-0.1450 

3.5 

0.6471 

-0.1890 

3.0 

0.6180 

-0.2090 

6.5 

0.5882 

-0.2304 

5.^0 

0.4851 

-0.3142 

11.5 , 

0.4706 

-0.5273 

T.5 

0.3861 

-0..4135 

18.5 

0.5529 

-0.4522 

10.5 

0.3043 

-0.5166 


EXPERIMENTAL CURVES 


7 / 


az 
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the latet part of Annealing, this portion had "been used by the abore 

research workers to get the value of Z . Zrorn this value of Z , 

e e^ 

.(ll) 

lahiri deteimiiied the average value of Binding energy to be 

(O.IO + 0,4) eV. Calculations were nade to get B^^ values for the 

present investigation on simlar principles and results are : 

B^^ = 0.15 eV at 303 °K, 0.12 eV at 293°K, 0.11 eY at 285°K and .08 eY 

at 273°K. Ihe average value was (o. 12 +.05 ) eY. (Ehis was an arbitraiy 

» 

method for calculating B^^. Ihere appeared to be no justification 
for using the later part of the cxirve to calculate the value of the 
binding energy. 


Howeveri another method can be used to calculate the binding 
energSTf Ihe kinetics of annealing of dilute alloys in the presence 
of mono'-and di— vacancies had been expressed in teims of equations 
(2.36) to (2.39). But before solving then, we were supposed to know 
the terms and i.e. the resistivity contributions due to 

complex and due to a divacancy . But if we assumed = 2P^ and 

(30) 

p = P « then these equations could be solved. Ranachandran 
Yi Y^ 

solved these equations in an IBM 7044 digits congjuter for a number of 
value of B^^ for isothermal annealing at 273°» 283°, 293° and 303°K. 

The relevant data used for calculations are given in Appendix I. We 
find that computer gave the variations of sin^e vacancy concentrations, 
di-vacancy concentrations, complex concentrations and total vacancy 
concentrations wf.h time. Hots could be made for the variatim of 
total vacancy concentrations with the time. Hie experimentally produced 
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data could be compared with these plots. Ihe figures (12), (13)» (14) 
and (15) showed the comparison of these curves. The curves matched 
well for the data of two temperatures, (273° and 285 °k) each giving 
a value of Binding energy as 0.10 eV, The experimental curve for the 
temperature 293 °K, cut the computer data curve. This behaviour could 
not be explained, however, most of the experimental points appeared 
to surround the plot plotted for binding energy of value 0.10 elT. 

The experimental curve for the annealing temperature 303 °Kj appeared 
to follow the path as if it had a value of 0.10 eV, as shorn in the 
Figure (l5), the computer data for which was not available. 

Table 7 

Determined values of Binding energy by 
• comparison means 

Annealing Temp Ma 


273 


0.10'' 

283 


0^10 

293 


0.10 

303 


0.10 


Average 

0.10 


4.4 OOMPAEISOT OF VAIBBS 

The thermodynamic method gave a value of as (0.21 + .03) eV, 

The isothermal Annealing data gave' a value of 0.10 e¥. Similar, large 








AL~0-55 W< o/o ALLOY 



r/G COMPARISON OF CALCULATED £ EYPERiMENTAL DATA roR 

Ta m SLQS^ A 
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I 


) 


Hae kiaetic data oan be treated as more reliable, ttie 
value of Q*10 eV obtajaed for the binding ^ergy is in good agreement 
with that obtataed by Iahlrl^”>. fcue the dlaerepensy to the 
bthdihg enerey wahiels appre,iabie to the values obtatoed by lahirl 
by the kinetic and thetmodynamic methods (0.10 and 0.29 eY respectively', 
the present results are slightly better (O.IO eV and 0,21 eV 
respectively), 

4.5. Isothermal Precipitation in Al^l.Q vit % Wn Amny • 

13ae first stage in precipitation studies involves the hcmoge-' 
nisation of the two phase alloy, !Che limited studies on precipitation in 
the Al-Mh aystem^^^^ indicate that precipitation is very sluggish in this 
system. 330 ensure that the Al-1^ Mh alloy is ccmgjletely homogenised before 
quenching, the alloy was heated at 600^0 for varying times, quenched-in 
water and the resistivity measured, Ihe variation of the resistivity with 
homogenising time is shorn in iigure 16, From the figure it is clear that 
homogenising is complete only after 36 hours. 

The completely homogenised alloy is quenched in water and then 
artificially aged in the tonperature range 400to 550°C and the resistivities 
measured as a function of ageing time. The results are shown in ippaidix III 
and .are plotted as the relationship between An a^inst logaritlm of annea-^ 
ling time in Figure 17, lio^rithnic time scale has been chosen to acccanodate 
large times of ageing like 20,000 minutes. It is clear" from the figure that 
the rate of annealing decreases gradually with increase in time. For a fixed 
time Ap is for moye with increase in annealing temperature, fHie precipitaticaa 
reaction has the maximum rate at 550®C, this is in good agreement with the 
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results of Ferrari et who have obseived Idie nsxiaun rate at 575 °C. 

However while Ferrari et al observe that the supersaliirated solM soluticaa 
decomposed in less than 300 hours to the equilibrium phases, for temperature 
above 525 °G, the present results indicate that equilibrium has not been 

It 

reached even after agcijqgfor 42 days at 500°C. !Hiis is cleaiiy indicative 
of the sluggish precipitation characteristics in the Ai-iah system. 

In order to find out the amount of solute ranaining in solution 


after varying times of ageing of the supersaturated alloys, a master curve 


was first established between the electrical resistivity and ^ Ma In soluti- 


on in Al. The resistivities of pure il and a se^fce^ of Al-Ma alloys 
containing 0.1, 0.35 and 1.0^ Mi have been quoiched from 600°C into water 
at room temperature have been measured at 0®C. Figure 18 shows a plot 
of resistivity as a function of Ma composition 


IMble 10 


Anount of solute In solid solution for different annealing times in Ai-i.O 

alloy quenched from 600°G as a function of precipitation temperature 


Annealing Temp 
°G 


^ Ito in solid solution after annealing for tine, 

S I. 



400 ° 

450° 

500 ° 

550° 


0.9950 .9900 .9825 
0.9800 .9670 .9620 
0.9750 .9650 .9450 
0.9700 .9550 .9250 


.9725 .9550 
.9550 .8800 
,9C50 .8250 
,8950 .8150 



The ohenge In resietirltiee at eaeh tei»eratu« of isothei™! anneamg 
after 480, 1560, 4700, 8700 ehd 16500 Btoutee eae noted and these were 
usi«( along with ngn-e 16 to deteitune peroentage reoadnmg in solid 

solution. The results are shown in Table 10, 
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!I3ae cdeconposition characteristics of quenched Al*^.35 wt ^ Ma 
alloy have been studied at 450°C. E7ea after 20 hours of annealing 
no change in resistivily could be detected. 




ffO. f€ HOMOGEN/S/NG PE:R/0D POR 'THE Ai'’/ ONi.% Mn, ALLOY 




'S'#', 





CHAPTER 5 


COHcnJSICJIS 


The following concliisioas can be dram from the present 
investigation . 

( 1 ) The activaticai energy for the formation of vacancy in pure 
A1 and in A1 - 0«35 wt ^ Mi alley were 0.76 + .02 eV and 
0.67 + 0.02 eV respectively. 

(2) Eie manganese-vacancy binding energy in Al, detemined from 
the difference in the activation oiergy for the formation .. 
of vacancy in pure A1 and Ai-o.35 wt ^ Mi alloy was 

(0.21 + 0.3) eV. 

(3) Eron the quenched-in resistivily measurements, it was found 
that the extra-resistivity obtained by quoiching ms smaller 
for Ai - 0.35 wt ^ Ml than for pure JO. for all the temperatu- 
res suggesting that the value of e < 1. 

(4) The isothermal vacancy annealing in pure Al, quenched from 

445 °G and annealed in the temperature range 0° to 30°C, followed 
a 1st order kinetics. 

(5) The migration energy for the motion of vacancy by analysing 
the data of pure JO. was found to be 0.65 el, 

(6 ) The isothermal vacancy annealing in Al - 0.35 wt ^ Mi allqy 
quenched from 445° C did not follow a first order kinetics 
as evident from the nonlinear nature of the curve* 



Ihe linear portion of the isothemal annealing curves for 
the il - 0»35 wt ^ Ml alloy was used to find out the 
the average value of which was (0.12 + . 03 ) e7, 

She isotheraal annealing data for the Al-0.35 wt ^ Mi alloy 
was conipared with the theoretical computer data Tidiich had 
taken care of annealing of divacancies also. Ihe matching 
of these data, ^ve Binding energr value as 0.10 eV, 

Considering the probable errors in the detemination of 
by both the techniques, the value obtained by the kinetic 
method was more reliable and this viue mi^t be taken as 
0.10 eV. 

No evidence of precipitation was obtained when supersaturated 
il “ 0.35 wt ^ Ml alloy was annealed for 20 hrs at 450°0. 

Ihe isothermal precipitation of il — 1.0 wt ^ Ma alloy in the 
temperature range 400°C to 550°C indicated that the precipitation 
reaction was very sluggish and the precipitation did not go to 
completion even after annealing for 42 days at 500° G. 
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IPPEIJDIZ I 
Table 6 

lution Qf ])ifferential T!quat.i nng (2, 
IHI 7044 Computer 

Valuea of some of the parameters used: 

^ = 0.76 j „ 718°i: 

~ k: = 8.62 X lo”^ 

= 10 /secs Bg = 0.17eY 

^ = 2.86 A° = 0.60e7 

0*50eV = 17^25 x 10“"^ 


.36) to (2.59) 


atomic position 


1. Annealing Temp = 273 °K B. 

- v-Mn=o.lOeV 


Time 

Seconds 


0.5 

50.0 


t20.0 

150.0 

180.0 

210,0 

240.0 

270.0 

300.0 

330.0 

360.0 

390.0 

420.0 

450.0 

480.0 


0.6457 

0.3073 

0.2938 

0.2865 

0.2707 

0.2782 

0.2669 

0.2608 

0.2550 

0.2994 

0.2440 

0.2388 

0.2337 

0.2289 

0.2242 

0.2196 

0.2153 

U.2111 


0.2019 io' 
0,1108 
0.6427 
0.6117 
0.5829 
0.5558 

0.5305 

0,5066 

0.4842 

0.4631 

0.4432 

0.4244 

0.4067 

0.3900 

0.3741 

0.3591 

0.3449 

0.3315 


0.3503 io' 
0.1904 

0.1819 
0.1775 
0.1732 
0.1692 
0.1653 
0.1615 
0.1579 
0.1545 
0.1511 
0. 1479 
0. 1448 
0.1418 
0.1389 
0.1361 
0.1334 
0. 1308 


0.5000 

0.4999 

0.4886 

0.4762 

0.4646 

0.4335 

0.4428 

0.4325 

0.4226 

0.4151 

0.4040 

0.5951 

0.3867 

0.3785 

0.3706 

0.3629 

0.3555 


0.999881 

0.987937 

0.974919 

0,962388 

0.950123 

0.938114 

0.926353 

0.908722 

O4 903541 

0.892482 

0.881637 

0.871014 

0,860591 

0.850377 

0.840553 

0.830520 


0.3484 0.820878 




0 

0,4646 

0.2019 

0, 6685 

0.519 

0.1265 

0.5896 

0#4041 

30.0 

0. 1202 

0. 1070 

0,4068 

60.C 

0.1195 

0. 1059 

0.4046 

9C. G 

0.1189 

1^,1048 

4u25 

120.0 

0.1183 

^.1037 

0 ,4wo4 

150.U 

0,1176 

^ . 1 o26 

^.3983 

18c C 

0,1170 

t.,1ui5 

'-'»5962 

210,0 

0, II64 

0.1 C.5 

'-^.3942 

240. 0 

-'.iiso 

0.9944 

0.3921 

270,0 

-'.1152 

0.9841 

0.3901 

300. 0 

vj, 1146 

0.974U 

0,3881 

330,0 

0.11 4w 

0,9640 

0,3861 

36v.,0 

0.1135 

0.9541 

^-'.3841 

390.0 

0.1129 

0,9444 

0.3822 

420.0 

0.1123 

0.9348 

0.3802 

450,0 

0,1117 

0.9253 

0,3783 

48l/,0 

0.1112 

'•'.9 160 

0.3764 


0.5318 

1 

0.5318 

0.999913 

0.5219 

0. 994889 

0.5263 

0.989541 

0.5235 

0.984336 

0.5207 

(-.979168 

0.5180 

0, 974o41 

0.5153 

0.968956 

0.5126 

0.96391.8 

^ .5 1n-/u 

'-^.958923 

0,-5o73 

0. 95394- 

u.5vj47 

0,949w12 

^.5-21 

0.944126 

0.4995 

0.939277 

^.4970 

0.934468 

0.4944 

0.929693 

^.4919 

924956' 

0.4894 

-.92vg59 






Temp = 273 ^-Mn “ 


Time 

Seconds 

"v" 

\ 

xlt/ ^ 

0 

' H 

Xlu 

b/Ho 

0.0 

0,4646 

.2019 lO"'* 

0.3503 lo""* 

,5o002 

1 

0.5 

0.3073 

0. 4108 

0,1 9u4 

0.4999 

.999846 

30 

0.2938 

0.6427 

0.1819 

0,4886 

.977o91 

60 

U.2865 

0.6117 

0. 1775 

0.4762 

.952432 

90 

0,2797 

0.5829 

0,1733 

0.4646 

.929196 

120 

0,2782 

0.5559 

0. 1692 

U.4535 

.906911 

150 

0.2669 

0.5305 

0, 1653 

0,4428 

.885519 

180 

0* 2608 

G#5^66 

C» 1616 

0.4325 

.864971 

210 

V.2550 

0.4842 

0.1580 

0,4226 

,855204 

240 

0.2494 

C.4631 

0.1545 

0.4131 

,826202 

270 

0.2440 

0.4432 

C.1511 

0.4'-'40 

.8C79j9 

30j 

0,2388 

0.4244 

0. 148u 

■-.3951 

.790277 

330 

0,2337 

o,4'-'67 

0,1448 

0,3667 

.773292 

360 

0.2289 

O, 39 ou 

0.1418 

0.3784 

.7569^2 

390 

0.2242 

0.3141 

0,1389 

C .3706 

.741^97 

420 

0.2200 

0.3591 

0.1361 

0.3629 

.725825 

450 

0.2513 

0.3449 

0.1334 

0,3555 

.711^71 

480 

..■.2111 

0.3315 

o, I 3 O 8 

‘..3484 

.696818 


Annealing Temp = 283 


Time V Y 2 

Seconds ^ 7 

»<1o XI 0 ' 


(J 

0.4646 

0.2019 

0.5 

U.3198 

0.2154 

30.0 

o,30ou 

0.5369 

6U.0 

0.2854 

0,4855 

9o.O 

0.2722 

0.4419 

120.0 

0.2599 

0.4025 

150.0 

0.2485 

0.5680 

180.0 

0,2380 

0.3372 

210.0 

0.2280 

0.3096 

240,0 

0.2187 

0.2849 

270,0 

0.2100 

0.2627 

3v.0,0 

0.2019 

0.2427 

330.0 

0.1942 

0.2246 

350.0 

0. 1870 

0.2081 

390.0 

0.1801 

0.1932 

420.0 

0.1737 

0. 1796 

45O.G 

0.1676 

0.1672 

480.0 

0.1618 

0.1559 


G 

xlC^ 

5 

x10 

h/u 

0 

0.3503 

0.5000 

1 

0.1757 

0.4998 

0.998826 

0.1648 

0.4755 

0.90557 

0.1568 

C.4519 

0.82256 

0.1495 

0.4305 

0.751889 

0.1428 

0.4108 

0.69v113 

0.1365 

0.3924 

0.635705 

0.1307 

0.3754 

0.587468 

0,1253 

0.3595 

0.544420 

0.1 2u2 

0.3446 

0.5C3850 

0.1154 

0.3307 

0.471102 

0.1109 

0.3177 

0.439640 

0.1067 

0.3054 

0.41 1081 

0. 1027 

0.2939 

0.3850^ 

0.9900 

0.2830 

0.361218 

0.9546 

0.2728 

0,339361 

0.9211 

0.263U 

0.319255 

0.8893 

0.2539 

0.3'-’0725 
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Annealing Temp = 283°K 


Time 

Seconds 

V 

xlC^ 

V2 

xio"^ 

C 

xlO^ 

K 

, 5 

X 1u 


0 

0.4646 

0.2019 

0.4839 

0.5134 

1 

0.5 

0.2273 

0.1269 

0.2834 

0.5132 

0.999699 

30.0 

0.2196 

0.2868 

0.2736 

0.4989 

w. 97 1865 

60,0 

0.2133 

0.2707 

0. 2658 

0.4846 

0.943925 

90.0 

0,2u74 

0.2560 

0.2585 

0,4711 

0.917665 

120.0 

0.2018 

0.2423 

0.2515 

0.4582 

0.892543 

150.0 

u. 1964 

0.2295 

0.2448 

0.4459 

0.668495 

180.0 

0.1913 

0.2176 

0.2384 

0.4340 

0.845444 

210.0 . 

0. 1863 

0.2064 

0.2322 

0.4227 

0.823322 

240.0 

0.1815 

0. I960 

0.2263 

0.4118 

0.802102 

270.0 

0. 1770 

0. 1862 

0.22U6 

0.4013 

0.781719 

30o. 0 

0.1726 

0. 1771 

0.2151 

0,3912 

0.762113 

330.0 

0. 1683 

0.1685 

0.2099 

0.3816 

0.743266 

360.0 

0.1643 

0.1604 

0.2048 

0.3722 

0.725117 

390. 

J.1606 

0.1529 

0.1999 

0.3633 

0.7C7648 

420.0 

0.1565 

0. 1457 

0.1952 

0.3547-. 

0,69'>.802 

450.0 

0.1529 

' 0.139- 

.. o,,i9d6 

0.3463, 

0.674556 

480.'^ 

0.1494 

0.1326 

0.’l&62 

0.3583 

0.658892 


1 

Annealing Tenp = 

2S5'°S. 
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®v-iyh = 

V 



0 

K 

iUine 

N-JI 

5 

>«10 

2 

7 

3<10 


xiO^ 

JxlO^ 

Seconds 

0 




>1 

-1 



0.4646 

0.2019 

oo" 

’ 0.6685 

10 0.5318 

p.o 

1 

0.1385 

0.7160 

10 

0.3917 

0.5317 

0.5 

.999798 

0.1365 

0.1108 


0.3861 

0.5249 

30.0 

.987021 

0.1348 

0.1079 


0.3811 

0.5180 

60.0 

.973955 

0.1330 

0.1051 


0.3761 

0.5113 

90.0 

.961354 

0.1313 

0.1024 



0.5047 

120.0 

.948992 

0.1296 

0.9985 


0.3666 

0.4983 

150,0 

.936864 

0.1280 

0.9733 


0.3620 

0.4919 

180.0 

.924964 

0,1264 

0.9490 


0.3574 

0.4857 

210,0 

.913278 

0,1248 

0.9253 


0.3530 

0.4796 

240.0 

.901815 

0.1233 

0.9024 


. 0.3486 

0.4736 

270.0 

.890562 

0.1217 

0.8802 


0.3443 

0.4677 

300.0 

.879506 

0.1202 

0.8587 


0.3400 

0.4620 

330.0 

.868656 


1 
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imealiag Ten^ w 303 

°K 

- 

B„ .. .a-0.12 

eV 

Y 


C 

N Time 

H/iJ 

5 

K10 

xio"^ 

5 

xiO 

^ ^ q 5 Sec cads 

0 

0.4646 

0.2019 10"^ 

0.6685 X 10**'* 

0.5318 

0 

1 

0.1757 

0.1164 X lO"'* 

0.3551 

0.5312 

0.5 

0.998822 

0.1737 

0.1028x10*^ 

0.3323 

0.4969 

30.0 

0,934378 

0.1520 

0.8987 lO*"* 

0.3108 

0,4646 

60.0 

0.873565 

0.1425 

0.7899 ’< lO"”* 

0.2914 

0.4355 

90.0 

0.818844 

0,1338 

0.6962 >< lO*"* 

0.2736 

0,4088 

120.0 

0,768602 

0,1258 

0.6151 xio”^ 

0.2572 

0.5842 

150.0 

0.722351 

0.1184 

0.5447 X 10*"* 

0.2420 

0.3615 

180,0 

0.679676 

0.1115 

0.4833 xIO*^ 

0.2280 

0.3405 

210.0 

0.640185 

0.1051 

0.4298 X lo"'* 

0,2150 

0.3210 

240.0 

0.603611 

0.9923x10'''* 0.3829 ^ lo"'* 

0.2030 

0.3030 

270.0 

0.569653 

0.9373x10' 

■'*0.3416 xio"'* 

0.1917 

0.2861 

300.0 

0.538046 

0,8861x10’ 

0,3053 xio'"'* 

0.1813 

0.2705 

330.0 

0.508619 

0.8333x10‘ 

*'* 0.2733 xio"'* 

0.1715 

0,2559 

360.0 

0.481141 

0,79875‘10" 

■'*0.2450X10'’'* 

0.1624 

0.2422 

390.0 

0.455481 

0.7519k10' 

0.2198 xio'"'* 

0.1538 

0.2295 

420.0 

0.431455 

0.7127x10"^ 0.1975 ’<10*’* 

0.1458 

0.2175 

450.0 

0.408946 

0.6760 xio”’* 0.1777 ’'lo”^ 

0.1383 

0.2063 

480.0 

0.587846 


Annealing iPoap * 303 °K 


a 0*15 e¥ 


Time 

Seconds 


0 

0.5 

30.0 

60.0 
90,0 

120.0 

150.0 

180.0 


0.4646 X 10 
0.7698 
0.7532 
0*7365 

0.7205 

0.7050 

0.6898 

0.6750 


210.0 

0.6606 

240.0 

0.6465 

270.0 

0.6329 

300.0 

0.6195 

330.0 

0.6065 

360.0 

0.5938 

390.0 

0.5814 

420.0 

0.5698 

450.0 

0.5575 

480.0 

0.5460 


''a 

0 

I 

^/S 

XIO"® 

0 

X 

xio"^ 

0 

0.2119 

0.1085 

0.5735 

1 

0.2566 

0.4958 

0.5732 

0.999527 

0.2205 

0.4851 

0.5609 

0.978010 

0.2108 

0.4744 

0.5485 

0.956356 

0.2018 

0.4641 

0.5366 

0.935618 

0.1932 

0.4542 

0.5250 

0.915422 

0.1849 

0.4444 

0.5137 

0.895747 

0.1771 

0.4349 

0.5027 

0.876577 

0.1696 

0.4256 

0.4920 

0.^7084 

0.1625 

0.4166 

0,4816 

0.839675 

0.1557 

0.4078 

0.4714 

0.821927 

0.1492 

0.3992 

0.4615 

0.804606 

0.1430 

0.3908 

0.4518 

0.787728 

0.1370 

0.3827 

0.4423 

0.787728 

0.1314 

0.3747 

0,4331 

0.755197 

0.1260 

0.3669 

0.4241 

0.739519 

0.1208 

0.5594 

0.4154 

0.724220 

0.1159 

0.3520 

0.4068 

0.70930c 


APPMDK II 


Table 8 

Homogeaising period for 11 - 1.0 vrt ^ Ifo alloy at 500°G (San 5 )le So. l) 


Homogoaisiag Period 
Minutes 

ResistxTity 

cm ^ 10 

0 

5.2994 

70 

5.4616 

340 

5.5897 

580 

5.6702 

1240 

5.7765 

1772 

5.8137 

1952 

5.8160 

2040 

5,8269 

2160 

5.8296 

2220 

5.8296 


2400 


5.8296 
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Table 9 


Isothermal dealing of il - 1 ,0 wt ^ Mh alloy (Sample No.l ) 

Quenching Temp = 600° + 1°C 


(l) Aanealing Temp » 400'®+1°C (ii) .Annealing Temp * 450° + 1°C 


Annealing Time 
Minutes 

log t 

Ap 

nOem 

Annealing Time 
Minutes 

log t 

Ap 

n Ocn 

t20 

2.0792 

12.8641 

60 

1.7282 

13.6302 

4^ 

2.6812 

22.0528 

180 

2.2553 

27.2604 

1140 

3.0569 

34.9170 

480 

2.6812 

40.8905 

1500 

3.1761 

36.7548 

1200 

3.0792 

66.7879 

5300 

3*5t85 

51.4567 

1560 

3.1931 

70.8769 : 

4680 

3.6702 

58.8076 

1920 

3.2833 

80.0418 

6720 

3.8274 

69.8341 

3300 

3.5185 

109.0415 

8700 

3.9395 

82.6983 

4680 

3.6702 

126.7607 

12600 

4.1004 

112.1021 

6720 

5.8274 

155.3841 

18560 

4.2639 

159.8833 

8760 

5.9425 

177.1924 

22680 

4.3556 

192.9627 

12660 

4.1025 

205.0898 

27900 

4.4456 

216.8533 

18420 

4.2653 

272.6037 




22740 

4.4465 

365.2890 




34590 

4.5387 

422,5558 
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(iii) Annealing Ten^) » 500° + 1°C 

(iv) Annealing Temp = 550° + 1 °G 

Annealing Time log t 

Minutes 

Ap 

n 0 cm 

Annealing Time log t 
Minutes 

Ap 

mO cn 

240 

2.3802 

29.316 

60 

1 .7782 

16.5536 

480 

2.6812 

40.048 

240 

2,3802 

36.4289 

720 

2.8573 

55.840 

480 

2.6812 

61.2668 

960 

2.9823 

65.612 

1080 

3.0334 

101.0075 

1200 

3.0792 

79.572 

1500 

3.1761 

120.8778 

1870 

3.2718 

106.096 

1860 

3.2695 

135.7805 

2110 

3.3243 

113.076 

2640 

3*4215 

157.3067 

2590 

3.4133 

129.828 

4620 

3*6646 

230.1646 

3250 

3.5119 

152.164 

6660 

3.8235 

288.1197 

3610 

3.5575 

161.936 

8640 

3.9365 

326.2044 

3970 

3.5988 

175.896 

17220 

4.2335 

466.1246 

4650 

3.6656 

194.044 




4990 

3.6981 

203.816 




5350 

3.7284 

212.192 




6190 

3.7917 

234.528 




6505 

3.8132 

242.764 




7165 

3.855 

261.331 




7585 

3.8800 

272.080 




7885 

3.8968 

279.898 




8485 

3.9287 

299-442 




8785 

3.9437 

309.214 




9445 

3.9752 

317.032 




10165 

4.0068 

338.530 




10825 

4.0346 

352.210 




11125 

4 . 0464 

361.005 




11545 

4.0626 

370.777 




12205 

4.0867 

391.248 




12625 

4.1014 

399.116 







(iii) innealiag Ten^, 500° + -joc 


Annealing Time 
Minutes 


13645 

14605 

15685 

16405 

17185 

17785 

18445 

19165 

20005 

20605 

21385 

22045 

22825 

23485 

24265 

24985 

25525 

26245 

26845 

27685 

28315 

28915 

29695 

30355 

31075 

31795 

33355 

35275 


log t 

Ap 

n ncm 

4.1351 

427.455 

4.1644 

449.930 

4.1953 

472.406 

4.2148 

493.908 

4.2350 

512.471 

4.2500 

528.106 

4.2657 

545.836 

4.2823 

559.796 

4.3010 

579.340 

4.3139 

593.300 

4.3300 

6,12.844 

4.3432 

629.596 

4.3583 

642.160 

4.3707 

660.308 

4.3849 

674.268 

4.3976 

695.206 

4.4068 

703.584 

4.4190 

717.544 

4.4288 

731.504 

4.4422 

741.276 

4.4520 

753.840 

4.4611 

760.820 

4.4726 

770.592 

4.4821 

787.344 

4.4924 

797.116 

4.5023 

818.056 

4.5230 

841.788 

4.5474 

878.084 



(iii) innealing lemp « 500° + 1°G 
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ilnnealing lime 
Minutes 

log t 

Ap 

n Si oni 

36685 

4.5645 

903.212 

38125 

4.5811 

928.540 

39625 

4.5979 

949.280 

40945 

4.6121 

968.824 

43225 

4.5457 

1002.328 

44665 

4.6499 

1030.248 

46525 

4.6676 

1056.772 

50545 

4.7037 

1102.840 

55945 

4.7475 

1165.660 

60085 

4.7788 

1217.312 



